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independently mutated multiple times. This set of loci was enriched for functions associated with 48 virulence and resistance. Our GWAS approach identified one variant in the ampD locus (which 49 was independently mutated four times in our dataset) associated with resistance to β-lactams, 50 and two non-synonymous polymorphisms associated with resistance to both aminoglycosides 51 and quinolones, affecting an araC family transcriptional regulator, which was independently 52 mutated three times, and an outer member porin, which was independently mutated twice. We 53 also performed recombination analysis and identified a minimum of 14 recombination events. 54 Parallel pathoadaptive loci and polymorphisms associated with β-lactam resistance were over- 55 represented in these recombinogenic regions. This study illustrates the power of deep, 56 longitudinal sampling coupled with evolutionary and lineage-corrected GWAS analyses to reveal 57 how pathogens adapt to their hosts. The Burkholderia cepacia complex (BCC) describes a highly diverse group of at least 20 closely 82 related species within the genus Burkholderia that can cause serious opportunistic infections in 83 humans [1, 2] . Individuals with the fatal genetic disease cystic fibrosis (CF) are particularly 84 susceptible to chronic BCC infections, which are commonly associated with rapid decline in lung 85 function, high rates of mortality and poor post-transplant outcome [3, 4] . Of the BCC species, 86 Burkholderia multivorans and Burkholderia cenocepacia account for 85-97% of all BCC found in 87 CF patients [5] ; however, B. multivorans infections have surpassed B. cenocepacia in 88 prevalence over the past decade [6] . Many BCC that are CF-associated are intrinsically virulent 89 and antibiotic resistant and require strict infection control practices, as they can be transmitted 90 between patients [7] [8] [9] [10] . Despite a wealth of knowledge describing the molecular basis of these 91 pathogenic properties and their evolution in strains of the well-studied B. cenocepacia, little is 92 known about the factors that govern these attributes in B. multivorans [9] . 93 94 Dissecting the molecular basis of complex adaptive traits in bacterial pathogens, such as 95 antimicrobial resistance, can be difficult as a single phenotype may be influenced by a large 96 number of loci that interact with each other as well as their environment. Resistance in the BCC 97 is associated with alterations to outer membrane permeability, the expression of multidrug efflux 98 pumps and β-lactamases, and diversification of antimicrobial targets [11] . Consequently, 99 methods that focus on identifying polymorphisms in single genes with large effects may miss the 100 majority of loci that modulate phenotypes in more subtle ways. The development of genome- 101 wide association studies (GWAS) has expanded our ability to identify loci of small effect size 5 Nevertheless, several recent studies have proposed novel approaches to overcome these 114 challenges. These methods include using cluster membership [16] [17] [18] , phylogenetic history [15, 115 19, 20] , or lineage effects [21] to differentiate mutations leading to a phenotypic outcome from 116 mutations related to the genetic background of the bacterial population. While these methods 117 hold tremendous promise for identifying genetic variation underlying bacterial phenotypes of 118 interest, they generally focus on cross sectional sampling of diverse isolates and populations. 119 Their power has not been established for the fine-scale analysis of individual bacterial 120 populations evolving over short time scales, with strong positive selection and restricted 121 recombination [14, 22] . The application of fine-scale evolutionary analysis to bacterial 122 populations is especially important in the context of clinically significant pathogen infections, 123 where evolution is associated with adaptation to the host environment and antimicrobial 124 treatment [23] . 125 126 In this study, we take a fine-scale approach to microbial GWAS to examine the genetic basis of 127 antimicrobial resistance within a B. multivorans population that had been sampled longitudinally 6 'incident infection' isolate; 2) 100 isolates collected six to seven years post-incident infection 148 from ten sputum specimens (ten isolates per specimen) over approximately a one-year period -149 the 'chronic infection' isolates; and 3) ten isolates collected from a single expectorated sputum 150 sample ten years after the incident infection, and three years after the patient underwent a 151 double lung transplant -the 'post-transplant' isolates. Patient CF170 was being treated with 152 alternating cycles of antibiotic therapy while chronically infected, with 13 antibiotics being 153 administered at different intervals and durations over the course of the chronic infection 154 sampling period (Fig 1) . The genomes of all 111 isolates were whole-genome sequenced on the 155 Illumina platform, yielding a median coverage depth of 117X (S1 Fig). Multi-locus sequence 156 typing was performed in silico by extracting seven loci from the whole genome sequence data 157 (atpD, gltB, gyrB, recA, lepA, phaC, trpB) and comparing them to the Burkholderia cepacia 158 complex MLST Databases in pubMLST. This analysis revealed that all isolates were clonally 159 related and of the sequence type . 160 161 Genomic diversity and phylogenetic analysis suggest underlying population structure. 162 The de novo genome assembly of a single isolate recovered from the third chronic infection 163 sputum sample was used as the reference for the mapping assembly of all other isolates. This 164 particular isolate was chosen as the reference since it had the best overall de novo assembly 165 metrics. The reference assembly consisted of 6,444,123 bases across 26 contigs, which were 166 pseudo-scaffolded against the complete genome of B. multivorans ATCC 17616 (Fig 2A) . 167 Through a conservative variant calling pipeline [25] , a total of 1,892 SNPs and 328 indels 168 segregating among the 111 isolates were identified, with 1,039, 672, and 180 SNPs being found 169 on chromosomes, 1, 2, and 3 respectively. Only a single SNP was found in a contig which did 170 not map to the ATCC 17616 genome. Overall, 740 (39.1%) SNPs and 163 (49.9%) indels were 171 parsimonious informative (PI, i.e. non-singleton), and 226 (11.9%) SNPs and 99 (30.2%) indels 172 segregated in at least two sampling time points. From the 1,892 SNPs, 70.5%, 15.6%, and 173 13.9% were non-synonymous, synonymous, and intragenic substitutions respectively ( Fig 2C) . 174 52.1% of the intergenic SNPs were found in putative regulatory regions (defined as the 175 intergenic region within 150 bases from the start codon of any gene). The population showed a 8 216 The time to the most recent common ancestor (tMRCA) calculated as days before the last 217 sample for all isolates and the various STRUCTURE-defined groups is shown in Supplementary 218 Figure 4c . This analysis shows that the RGB group, which includes all of the chronic infection 219 isolates as well as the post-transplant isolates, coalesced to a common ancestor at roughly the 220 same time as the full isolate collection, including the incident infection (S4c Fig) . This result 221 supports the hypothesis that the infection of the transplanted lung came from the same source 222 as the original incident isolate, despite being separated by approximately ten years, as opposed 223 to a clone that persisted and diversified in the lung of the patient during chronic colonization. 224 Additionally, it appears that groups R and B diverged at approximately the same time (S4c Fig) . 225 Unfortunately, we are unable to determine if these were allopatric populations that colonized 226 distinct regions in the lung, or sympatric populations that coexisted within the same 227 compartment due to our sampling of expectorated sputum.
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Selection analysis supports positive selection in the population. We determined the ratio 230 of non-synonymous to synonymous substitutions (dN/dS) as an estimate of selection. Since we 231 expect that time has allowed natural selection or genetic drift to have acted on the multi-time 232 segregating mutations more so than on variants that segregate in a single sample, we 233 determined the dN/dS both for all SNPs in each group, as well as for only those that segregate in 234 at least two time-points -'multi-time' SNPs (S4b Fig) . The dN/dS for the overall population was 235 1.35 (95% confidence interval, CI = 1.19-1.53) and 1.34 for multi-time SNPs (CI = 0.94-1.96), 236 which may indicate weak positive selection, or simply the segregation of mildly deleterious 237 variants. Only groups R and RB multi-time SNPs showed dN/dS above the neutral expectation 238 of 1.0 (group R dN/dS = 2.05, CI = 0.57-11.15, group RB dN/dS = 2.38, CI = 1.08-6.18), although 239 the confidence intervals for the group R are quite large. All other groups had dN/dS ratios only 240 slightly elevated (ranging from 1.04-1.63), although the differences between groups were not 241 statistically significant.
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Further support for positive selection comes from a significantly negative Tajima's D test (D = -244 2.21, P < 0.01) and Fu and Li's tests (D* = -6.11, P < 0.02; F* = -5.20, P < 0.02). While all three 245 of these results can be explained by both positive selection and recent population expansion, 246 the combination of these results with the high nucleotide diversity and dN/dS > 1.0 is most 247 consistent with positive selection. 248 249 GWAS identification of variants associated with antibiotic resistance. We assumed that 250 the intensive antibiotic exposure during the chronic infection sampling period would result in 251 strong selection for resistance-associated genotypes in B. multivorans. Minimum inhibitory 252 concentrations (MICs) for two β-lactams (aztreonam, ceftazidime), two aminoglycosides 253 (tobramycin and amikacin), and the fluoroquinolone ciprofloxacin were determined for all 254 isolates. Isolates from the three phases of infection had distinct susceptibility profiles. The 255 incident isolate had MICs of 8 µg/mL or less for all agents tested, while all chronic infection and 256 post-transplant isolates had higher MICs for both aminoglycosides (t-test p < 0.0001, Fig 3E) , 257 but variable MICs for β-lactams and fluoroquinolone tested (range: ≤8 to >512 µg/mL). Next, we tested these variants against population structure controls, counting only those 273 associated variants that were observed in multiple subpopulation groups as determined by the 274 population structure analysis. This criterion could be satisfied by one of two mechanisms: 1) the 275 mutations arose in the subpopulations through multiple independent mutational events, or 2) 276 they arose in a common ancestor of multiple subpopulations and have been maintained in 277 multiple lineages while being lost in others. Out of all mutational profiles associated with 278 elevated MICs for both β-lactams, one (comprising a single SNP) passed the population 279 structure control (S6b Fig) . This SNP was found in 20.4% of isolates in group R, and 50% of 280 isolates in group RBG. This variant leads to a non-synonymous amino acid substitution in the 281 sequence of the ampD gene (BMUL_2790), a locus extensively studied for its role in resistance 282 to β-lactams [28, 29] . This mutation was predicted to have a deleterious effect on AmpD by 10 PROVEAN analysis (score = -8.0, S8a Fig) . In fact, the ampD locus was independently mutated 284 four other times within our dataset. A second SNP in ampD was found in a mutational profile 285 that was similarly associated with β-lactam MICs; nevertheless, it failed to pass the population 286 structure control. Additionally, two mutational profiles associated to the aminoglycosides and 287 ceftazidime showed evidence of multiple independent polymorphic events (S6e Fig) . One of 288 these mutational profiles, which comprises a single SNP, is represented by a non-synonymous 289 substitution in an araC family transcriptional regulator locus (BMUL_3951). PROVEAN analysis 290 indicates that this mutation is unlikely to have a deleterious effect on the locus (score = 6.906). 291 The second mutational profile, again including only a single SNP, gave rise to a non-292 synonymous substitution in locus BMUL_3342, which is annotated as an outer member protein 293 (porin). While this mutation is not expected to end in a deleterious effect (PROVEAN score = 294 3.273), it occurs in a locus that is independently mutated two other times.
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Additional variants associated with pathoadaptation can be detected by identifying multi-297 mutated loci. Loci that are independently mutated multiple times provide strong evidence of 298 selection by parallel pathoadaptation [30] . We observed 328 loci that were independently 299 mutated multiple times in our collection (Table 1) . Given the genome size and the total number 300 of polymorphisms (both SNPs and indels), we only consider the 62 loci with three or more 301 independent mutations to be statistically significant (p-value < 0.05/[1,892 SNPs + 328 indels = 302 2220 polymorphisms]). 184 SNPs (9.7%) and 26 indels (7.9 %) were found in these 62 loci. We 303 excluded the possibility that multiply mutated loci showed excess polymorphism simply due to 304 an increased mutational rate by examining the mutational class spectrum for the multiply 305 mutated loci relative to the genome-wide average. While the rate of non-synonymous, 306 synonymous and intergenic mutations among all 1,892 SNPs is 70.5%, 15.6%, and 13.9% 307 respectively, the mutational class spectrum of the SNPs found among multiply mutated loci is 308 83.1% non-synonymous, 11.7% synonymous, and 3.2% intergenic substitutions. Therefore, the 309 mutational class distribution of SNPs found in multiply mutated loci is significantly skewed 310 toward an excess of non-synonymous mutations (P < 0.0001, chi-square test). 311 312 Some of these multi-mutated loci are known to play significant roles in antibiotic resistance. For 313 example, a gene encoding a probable transcriptional regulator protein of MDR efflux pump 314 cluster (BMUL_0641), which has been associated with drug resistance in multiple pathogens 315 [31] [32] [33] , has seven independently acquired mutations, and the probability of any gene being 316 mutated seven times is 1.65x10 -23 . A locus with five multiple mutations (P = 6.48x10 -16 ) encodes 317 N-acetylmuramoyl-L-alanine amidase (AmpD, BMUL_2790), which is associated with resistance 318 to β-lactam antibiotics [28] . Moreover, a functional enrichment analysis revealed the 319 phosphorelay signal transduction system GO function overrepresented in multiply mutated 320 genes compared to the functional annotation of the whole genome (P = 0.050). The 321 phosphorelay signal transduction system has been previously described as a therapeutic target, 322 given that it controls the expression of genes encoding virulence factors [34] . 323 324 We also found ten genes that had two independent mutations located in the same or adjacent 325 codon ( Table 2 ). The mutational class spectrum of the SNPs associated with this observation is 326 of 90%, 10% and 0% of non-synonymous, synonymous, and intergenic substitutions, 327 respectively. In this case, the fraction of non-synonymous mutations is significantly higher than 328 the fraction found for both all SNPs, as well as all the SNPs in the multiply mutated loci (P < 329 0.00001, chi-square test). One of the genes with multiple independent mutations in the same 330 codon encodes for RNA polymerase sigma factor (RpoD), which is associated with the 331 expression of housekeeping genes [35] . One of the mutations in this locus is fixed between the 332 post-transplant isolates and the rest of the isolates, and the other mutation is fixed between the 333 isolates in group RBG collected in the tenth sample time and the rest of the isolates. Fig 2D) . Three of these events were identified between sites in 338 different genome assembly contigs; therefore, they were not considered in downstream 339 recombination analysis. The nucleotide length of this recombinogenic regions ranged from 340 4,783 bases to 192,532 bases, and these regions account for 15.1% of the assembled genome. 341 300 (15.9%) out of the total 1,892 SNPs and 47 indels (14.3%) occur in these regions, which is 342 not significantly different than expected given the recombinogenic proportion of the genome. Fig 5A) . These ratios fail to reject the null hypothesis that these 348 mutations are randomly distributed around the genome. On the other hand, 52.9% (9 of 17 349 SNPs) and 47.4% (9 of 19 SNPs) of the SNPs associated with aztreonam and ceftazidime, 350 respectively, are found in recombinogenic regions, which are significantly different than 351 expected by chance (p < 0.0001, chi square test).
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Finally, 49 (26.6%) of the 184 SNPs and 4 (8.5%) of the 47 indels found in loci independently 354 mutated three or more times occur in the identified recombinogenic regions ( Fig 5B) . Thus, 355 while SNPs involved in multi-mutated loci are overrepresented in recombinogenic regions more 356 than expected (P < 0.0001, chi square test), indels in multi-mutated genes are not significantly were unable to address all of these questions, we have concluded that the chronic population 372 originated from either the incident isolate, or a clone that shared a recent common ancestor with 373 the incident isolate. Furthermore, all of the chronic isolates descended from a single common 374 ancestor, ruling out multiple independent colonization events.
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One clear signal is that the B. multivorans isolates recovered from the post-transplant lung did 377 not originate from the chronic population. In fact, it appears that the post-transplant isolates 378 came from a new infection that originated from the same source as the incident infection. 379 Unfortunately, the source of these infections cannot be determined, and could be either the 380 environment or the patient's upper respiratory tract. In the former case, it is likely that the patient 381 lived in the same home or locale over the course of the study, and that the ancestral B. 382 multivorans clone is endemic in that environment. Alternatively, in the latter case, the upper 383 respiratory tract is known to act as a reservoir for a number of CF pathogens [37] . 384 Consequently, it is possible that clonal descendants of the ancestral or incident strains resided 385 in the patient's upper airways since the incident infection. Some transplant procedures attempt 386 to clean the nasal reservoir prior to transplant via nasal washing / scraping, but we do not know 387 if this was done for this patient. If this hypothesis is true, it would explain why the post-transplant 388 isolates have an antibiotic susceptibility pattern much more similar to the chronic isolates than 389 the incident isolate. We also note that the post-transplant population is much more genetically 390 diverse than any of the chronic populations. This could suggest that this population was rapidly 391 adapting to an environmental change, such as the shift from CF to non-CF conditions, which 392 would include, differences in immune response, the composition of the allograft microbiome, 393 and treatment regimens. Alternatively, it could reflect colonization by a population of related 394 strains. It is possible that given sufficient time this population would eventually be winnowed 395 down to a single surviving clone (as is seen with the incident infection) due to selection and / or 396 genetic drift 397 398 A major motivator for this study was to better understand how pathogens adapt to their hosts 399 over the course of disease progression and treatment; an issue that can be addressed using 400 statistical association tests. Correcting for the genetic structure of the bacterial population poses 401 a challenge to the implementation of these tests. Population structure in this context refers 402 relationships among strains due to descent form a common ancestor and limited recombination. 403 This structure results in the linkage of segregating genetic variation around the genome, which 404 makes it very difficult to distinguish a causal mutation that is responsible for a phenotype of 405 interest from a neutral variant that occurred in the same genetic background. In the absence of 406 recombination, the neutral mutation will have the same population distribution as the causal 407 mutation due to genetic hitchhiking. This issue is particularly prevalent when studying largely 408 isolated and recently evolved populations, such as the case of pathogens evolving within a host.
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To overcome these two issues, we imposed a lineage control filter on our GWAS approach, in 411 which we focused only on mutations that occurred in multiple, distinct, genetic lineages. This 412 pattern can best be explained by recombination of polymorphisms between lineages, but 413 formally, could also be due to extensive gene loss. Our analysis showed that linkage Using the established lineage structure of the B. multivorans population as control for our 422 association study, we identified two non-synonymous SNPs associated with resistance to the 423 aminoglycosides amikacin and tobramycin, and to the quinolone ciprofloxacin. One of these 424 SNPs occurs in a locus encoding the transcription factor AraC, which is involved in the global 425 regulation of efflux pumps, while the other SNP was found in a locus annotated as a porin. 426 Although not specific to aminoglycosides or quinolones, overexpression of efflux pumps and We observed that mutations associated with resistance to β-lactams (prior to lineage controls) 450 occur disproportionately in recombinogenic regions ( Fig 2F) , while variants associated with both 451 aminoglycosides or ciprofloxacin are more randomly distributed with respect to recombinogenic 452 regions. The study patient received both long-term maintenance β-lactam and aminoglycoside 453 treatments in addition to multiple short-term β-lactam treatments that included cycles of 454 ceftazidime, piperacillin/tazobactam, meropenem, and cefepime. This more aggressive and 455 varied course of treatment with β-lactams could potentially explain the increased role of 456 recombination in the dissemination of putatively beneficial polymorphisms, similar to what has 457 been observed in other pathogens [39, 40] . 458 459 Our analysis identified genes under strong selection by focusing on loci with a statistical excess 460 of independent mutations (i.e. parallel pathoadaptation) [25, 41, 42] . Examining multi-mutated 461 loci can reveal the heterogeneous selective pressures that bacteria must adapt to in order to 462 reside within the lung. For instance, a gene encoding a transcription regulator of multidrug 463 resistance efflux pumps independently accumulated seven different mutations leading to eight 464 unique alleles in our population of 111 B. multivorans isolates. We also found seven different 465 alleles of a locus encoding cyclic β-1,2-glucan synthase, which is linked to bacteria's ability to 466 elude host cell defenses [43] . A number of loci underlying virulence-associated traits, such as 467 quorum sensing and biofilm production, also carry multiple independent mutations. Particularly 468 interesting are multiply mutated loci with no characterized function, or with no prior linkage to 469 resistance or virulence. These loci include a NAD-glutamate dehydrogenase locus BMUL_4010, 470 which was mutated five independent times over the course of the study, and a glycosyl 471 transferase protein (BCEN2424_5592), not previously seen in B. multivorans that was mutated 472 six times (4 SNPs and 2 indels) during the course of the study. Examples such as these provide 473 excellent candidates for characterizing the cryptic resistomeloci previously not known to be 474 involved in antimicrobial resistance. In addition, the strongest signals of parallel pathoadaptation 475 involve those cases where mutations occur independently in the same or adjacent codon. 476 These observations point to a very specific form of selective pathoadaptation, which identifies 477 the specific residue or region of the locus that potentially plays a role in selective advantage and 478 may affect a conserved function. Our study illustrates the relevance of deep, longitudinal sampling to the implementation of 488 GWAS approaches in a population under positive selection. We identified the potential genetic 489 basis behind the antibiotic resistance of a B. multivorans population in a single host. Moreover, 490 this approach allowed us to study variants associated to antibiotic resistance and revealed that 491 resistance to β-lactams may be passed within the population via recombination. This study is 492 limited to in silico predictions of the impact mutations on protein function, and future efforts 493 should include functional validation of these mutants; nevertheless, many of the identified genes 494 are already well-established targets for antibiotic resistance. Additionally, our findings are 495 restricted to a single patient and a single bacterial species; extending this approach in other 496 systems under positive selection will be required to establish the generalizability of the findings. 497 Nevertheless, this study is one of the first examining in depth the fine-scale evolution of B. were used to produce the initial set of variants [53] . We implemented a method previously 572 described to detect SNPs among the 111 isolates [25, 54] . First, 1,892 high-confidence 573 polymorphic positions were identified using the following criteria: 1) variant Phred quality score 574 of ≥ 30 and 2) variants must be found at least 150 bp away from either the edge of the reference 575 contig or an indel. Second, we reviewed each high-confidence polymorphic position in each 576 isolate with a relaxed Phred score threshold of 25. Support for either the reference or the SNP 577 call was verified with a multi-hypothesis correction which required that at least 80% of the 578 sequencing reads endorsed the SNP or the reference. If the data did not support either base, 579 then the position was called as an ambiguous base ('N'). The ambiguous call rate was lower 580 than 0.01%. ranging from 1-10 was tested in triplicates through 1 million MCMC generations sampled every 619 1,000 MCMC generations and a burn-in period of 250,000 MCMC generations. We used the 620 correlated allele frequencies model, and admixture was allowed in these analyses. We plotted 621 the estimated ln probability of data for the tested levels of K, and identified the smallest stable K 622 as the optimum value since it maximized the global likelihood of the data (S10 Fig) [61] . The 623 estimated ln probability of data plateaus at K=3, where the variance of ln likelihood ranges from 624 2,343.0 to 2,353.1. Assuming three ancestral populations, the isolates were classified into five 625 different groups according to their ancestry. Isolates whose ancestry is attributed exclusively 626 (>90%) to either ancestral population one, two, or three are grouped in group red (R), (B), or 627 (G), respectively. Group RB includes isolates with admixed ancestry from clusters one and two 628 (at least 10% of both cluster one and two, and less than 10% of cluster three). Isolates whose ----------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------- INCIDENT  T1  T2  T3  T4  T5  T6  T7  T8  T9  T10  POST-TRANSPANT   ≤512  256  128  64 T1  T2  T3  T4  T5  T6  T7 T8  T9 
